We determined the distribution and activity of the major prokaryotic groups (Bacteria, Cren-, and Euryarchaeota) inhabiting the deep water masses of the North Atlantic by following the path of the North Atlantic Deep Water (NADW) from its formation in the Greenland-Iceland-Norwegian (GIN) Sea along its two major branches covering approximately the first 50 yr of the NADW in the oceanic conveyor belt system. The relative abundance of Eury-and Crenarchaeota, assessed by catalyzed reporter deposition-fluorescence in situ hybridization (CARD-FISH), was significantly higher in the western branch (17% and 24% of 49,69-diamidino-2-phenylindole (DAPI)-stained cells, respectively) than in the eastern (9% and 17%, respectively) branch of the NADW. In contrast, the relative abundance of Bacteria (30% of DAPI-stained cells) did not differ between the western and the eastern basin. Prokaryotic production and turnover rates, however, were higher in the western than the eastern basin. Generally, the contribution of Euryarchaeota to total picoplankton was correlated positively with oxygen concentrations ( p , 0.001) and negatively with salinity ( p , 0.001) and temperature ( p , 0.001). The contribution of Crenarchaeota to total picoplankton correlated positively with oxygen ( p , 0.05) and negatively with salinity ( p , 0.001). There was a positive correlation between the crenarchaeotal contribution to picoplankton and nitrite concentration ( p , 0.001), especially in the oxygen minimum layer, suggesting their potential involvement in the marine nitrogen cycle as nitrifiers. The observed variability in archaeal abundance in relation to bulk prokaryotic activity supports the emerging notion that Archaea are a highly dynamic and metabolically active component of the deep ocean prokaryotic community.
The meso-and bathypelagic realm of the ocean makes up more than 70% of the global ocean's volume. It is commonly accepted that microbial biomass and activity are extremely low in the dark ocean and depend on the 30% of the organic matter, on average, exported from the euphotic layer into the mesopelagic realm (Nagata et al. 2000) . Direct measurements indicate one to two orders of magnitude decrease in bacterial abundance and production from the euphotic layer to the bathypelagic waters (Patching and Eardly 1997; Nagata et al. 2000; Hansell and Ducklow 2003) .
The distribution of planktonic prokaryotes in a given oceanic habitat appears to be determined by local environmental conditions and not by restricted dispersal (Pedró s-Alió 1993; Finlay 2002) . With the exceptions of the Mediterranean and the Sulu Sea, the global dark ocean exhibits a temperature range of 0-6uC and a salinity range between 34.6 and 37.8. The lack of geographic barriers for dispersion and the homogeneity of environmental conditions in the deep ocean may suggest a cosmopolitan distribution of most of the microbial inhabitants. Over the past few years, several studies on the distribution of the main prokaryotic groups have led to the conclusion that bacterial abundance decreases with depth, Crenarchaeota are ubiquitously distributed and relatively more abundant in deep than in surface waters, while Euryarchaeota are relatively more prominent in surface than in deep waters (Massana et al. 2000; Karner et al. 2001; Church et al. 2003) .
In contrast to this general vertical distribution pattern of the main prokaryotic groups, the functioning of the global ocean is primarily explained by the lateral transport of physically distinct water masses (thermohaline circulation) (Broecker 1997) . Several recent studies have pointed to differences in the biogeographical distribution of the major groups of planktonic Archaea (Ló pez- García et al. 2001; Bano et al. 2004; Teira et al. 2006) and Bacteria (Giovannoni and Rappé 2000) , which suggest that distinct water masses may harbor distinct prokaryotic communities.
The vertical distribution of prokaryotic plankton, where Bacteria dominates the upper water column and Archaea dominates the deep waters, suggests different resource utilization by the two main prokaryotic groups. Generally, more labile organic material is restricted to the upper ocean, and organic phosphorus and nitrogen are preferentially utilized by Bacteria, leading to an increase in the C : N : P ratio of dissolved organic matter (DOM) with depth (Bauer et al. 1992; Benner et al. 1992 ). Although our knowledge on the metabolic capabilities of planktonic Archaea is still rather limited, a few recent studies have shown that they are able to take up amino acids (Ouverney and Fuhrman 2000; Teira et al. 2004 Teira et al. , 2006 but also inorganic carbon (Wuchter et al. 2003; Herndl et al. 2005) . Recently, it has been shown that in meso-and bathypelagic waters of the North Atlantic, Bacteria preferentially utilize L-aspartic acid (Asp) over D-Asp, whereas Crenarchaeota do not discriminate between L-and D-forms of Asp (Teira et al. 2006) . Thus, Crenarchaeota are mainly responsible for the observed increase in the bulk D : L-Asp uptake ratio with depth (Pérez et al. 2003; Teira et al. 2006) . Heretofore, only a few studies have related the distribution of the major prokaryotic groups to bulk (Massana et al. 1998; Murray et al. 1999 ) and group-specific prokaryotic activity in the deep ocean (Ouverney and Fuhrman 2000; Teira et al. 2004 Teira et al. , 2006 Herndl et al. 2005) . Clearly, more information is needed in order to identify the prokaryotes responsible for specific biochemical processes in the dark ocean and to determine whether the major water masses driving the oceanic conveyor belt circulation harbor specific prokaryotic communities.
In the present study, we determined the distribution of the three major prokaryotic groups (Bacteria, Euryarchaeota, and Crenarchaeota) in the main deep water masses of the North Atlantic. For this, we followed the North Atlantic Deep Water (NADW) from its formation in the Greenland-Iceland-Norwegian (GIN) Sea along two transects following the eastern and western branch of the NADW, covering approximately the first 50 yr of the NADW in the oceanic conveyor belt system. The main objective was to relate prokaryotic community composition to prokaryotic activity as determined by Lleucine and D-and L-Asp uptake by the bulk prokaryotic community.
Material and methods
Sampling area-The eastern and western branches of the North Atlantic Deep Water (NADW) were followed during two cruises on board R/V Pelagia from the GIN Sea over .4000-km-long transects. TRANSAT-I (September 2002) followed a track from 62.8uN, 13.1uW to 35.3uN, 28.6uW in the eastern basin, and TRANSAT-II (May 2003), from 62.5uN, 30.3uW to 37.7uN, 69.7uW in the western basin of the North Atlantic (Fig. 1) . In total, 42 and 36 stations were occupied during TRANSAT-I and TRANSAT-II, respectively. Water samples were collected with a CTD (conductivity, temperature, depth) rosette sampler holding 24 12-L NOEX bottles. Samples were taken from the 100-150-m layer (hereafter termed subsurface layer, SSL) at all the stations and, if present, from the oxygen minimum layer (O 2 -min), the Labrador Sea Water (LSW), the Iceland Scotland Overflow Water (ISOW), the North Atlantic Deep Water (NADW), the North East Atlantic Deep Water (NEADW), and the Denmark Strait Overflow Water (DSOW). Water masses were identified based on their salinity-temperature characteristics (Aken 2000a,b) , and their oxygen concentrations were measured using a Seabird SBE43 oxygen sensor mounted on the CTD frame. Although prokaryotic abundance and production were measured at all the stations, the abundance of Bacteria, Eury-, and Crenarchaeota using fluorescence in situ hybridization (FISH) was only determined at selected stations (encircled stations in Fig. 1 ). were determined immediately after collecting the samples and gentle filtration through 0.2-mm filters (Acrodisc, Gelman Science) in a TRAACS autoanalyzer system. NH þ 4 was detected with the indo-phenol blue method (pH 10.5) at 630 nm (Helder and de Vries 1979) . NO 2 2 was determined after diazotation with sulfanilamide and N-(1-naphtyl)-ethylene diammonium-dichloride as the reddishpurple dye complex at 540 nm (Parsons et al. 1984) . NO 2 3 was reduced in a copper cadmium coil to nitrite (with imidazole as a buffer) and then measured as nitrite. PO 32 4 was determined via the molybdenum blue complex at 880 nm according to Murphy and Riley (1962) .
Prokaryotic abundance-One milliliter seawater samples were fixed with 37% of 0.2-mm filtered (Acrodisc, Gelman) formaldehyde (2% final conc.), stained with 0.5 mL of SYBRGreen I (Molecular probes) at room temperature in the dark for 15 min, and subsequently analyzed on a FACSCalibur flow cytometer (BD Biosciences) (Lebaron et al. 1998) . Counts were performed with the argon laser at 488 nm wavelength set at an energy output of 15 mW. Prokaryotic cells were enumerated according to their rightangle light scatter and green fluorescence measured at 530 nm.
Prokaryotic production-Bulk prokaryotic activity was measured by incubating 10-40 mL of water in duplicate and one formaldehyde-killed blank with 10 nmol L 21 [ 3 H]-leucine (final conc., SA 5,957 and 5,587 GBq mmol 21 in TRANSAT-I and TRANSAT-II, respectively, Amersham) in the dark at in situ (61uC) temperature for 4-7 h, depending on the expected activity. Thereafter, the incubation was terminated by adding formaldehyde (2% final conc.) to the samples and filtering them through 0.2-mm cellulose nitrate filters (Millipore, 25-mm filter diameter). Subsequently, the filters were rinsed three times with 5% ice-cold trichloroacetic acid, placed in scintillation vials, and stored at 220uC until counting in a liquid scintillation counter. The disintegrations per minute (DPM) of the formaldehyde-fixed blank were subtracted from the samples, and the resulting DPM was converted into leucine incorporation rates (Herndl et al. 2005; Reinthaler et al. in press ).
Uptake of D-and L-Asp by the bulk prokaryotic community-To measure the uptake of D-and L-Asp by the bulk prokaryotic community, 20-40 mL of duplicate water samples and one formaldehyde-killed blank (2% final conc.) were spiked with either D- [2, 
GBq mmol 21 ; L-Asp, 1,369 GBq mmol 21 ) at a final concentration of 1 nmol L 21 and incubated in the dark at in situ temperature for 4-7 h. After terminating the incubations by adding formaldehyde (2% final conc.), the samples were filtered through 0.2-mm cellulose nitrate filters (Millipore, 25-mm filter diameter), rinsed twice with 0.2-mm-filtered seawater, and stored in scintillation vials at 220uC until analysis. Back in the laboratory, filters were dissolved in 1-mL ethyl acetate (Riedel de Haen), and, after 10 min, 8 mL of scintillation cocktail (Insta-gel plus II, Canberra Packard) was added. After 18 h, the radioactivity of the filters was assessed in a liquid scintillation counter by counting each sample for 10 min. The DPM of the formaldehydefixed blank were subtracted from the corresponding samples, and the resulting DPM was converted into Dand L-Asp uptake rates. The mean coefficient of variation between replicates was 10 6 9% and 8 6 9% for the D-and L-Asp uptake rate, respectively, and the DPM of the blanks were always ,40% of the mean DPM of the respective duplicate samples. A final concentration of 1 nmol L 21 of radiolabeled Asp was used for bulk D-and L-Asp uptake measurements since the concentration of dissolved free Asp in the North Atlantic Deep Water is ,5 nmol L 21 , and Pérez et al. (2003) showed that uptake rates increase from 0.1 nmol L 21 to 10 nmol L 21 final concentration of added Asp by a factor of ,10.
Catalyzed reporter deposition-FISH (CARD-FISH)-
Immediately after collecting the samples from the NOEX bottles, water samples of 20-40 mL were fixed by adding 0.2-mm filtered paraformaldehyde (2% final conc.), and, subsequently, the samples were stored at 4uC in the dark for 12-18 h. Thereafter, the sample was filtered through a 0.2-mm polycarbonate filter (Millipore, GTTP, 25-mm filter diameter) supported by a cellulose nitrate filter (Millipore, HAWP, 0.45 mm), washed twice with Milli-Q water, and dried and stored in a microfuge vial at 220uC until further processing in the home laboratory.
Filters for CARD-FISH were embedded in low-gellingpoint agarose and incubated either with lysozyme (for the Bacteria probe Eub338 and for the negative control probe Non338; Amann et al. 1995) Teira et al. 2004 ). Filters were cut in sections and hybridized with horseradish peroxidase (HRP)-labeled oligonucleotide probes and tyramide-Alexa488 for signal amplification following the protocol described in Teira et al. (2004) . Cells were counterstained with a DAPI-mix (5.5 parts of Citifluor The slides were examined under a Zeiss Axioplan 2 microscope equipped with a 100-W Hg lamp and appropriate filter sets for DAPI and Alexa488. More than 800 DAPI-stained cells were counted per sample. For each microscope field, two different categories were enumerated: (1) total DAPI-stained cells, (2) cells stained with the specific probe. Negative control counts (hybridization with HRP-Non338) averaged 1.5% and were always below 5% of DAPI-stained cells. The counting error, expressed as the percentage of standard error between replicates, was ,2% for DAPI counts and ,9% for FISH counts.
Statistical analysis-Logarithmic transformation was conducted for linear regression analysis. ANCOVA F-test was used for slope comparison of two regression lines. For correlation analysis, the Spearman coefficient was used instead of Pearson because some variables did not comply with normality even after logarithmic transformation. The non-parametric Mann-Whitney test was used for mean comparison of two independent samples if normality was not attained, and the t-test was used if data followed normal distribution.
Results
Water mass characteristics-The flow of the main water masses is indicated in Figure 1 , and the basic physicalchemical characteristics of these main water masses sampled during this study are summarized in Table 1 . The distribution of temperature, salinity, and oxygen concentration along the transect in the eastern and western basin of the North Atlantic is shown in Figure 2 , the distribution of inorganic nutrients (nitrate, phosphate, and silicate), in Figure 3 .
The Iceland Scotland Overflow Water (ISOW), which originates from the Nordic seas (McCartney et al. 1998 ), flows to the south in the eastern basin and was detected close to the bottom from 62uN to 52uN. The Labrador Sea Water (LSW), characterized by low salinity, was clearly identifiable at depth levels between 800 and 2,100 m throughout the western transect, except between 40uN and 45uN. In the eastern basin, the LSW was identifiable at deeper depth horizons (1,600-2,000 m), but the core water (salinity , 34.9) was found around the latitude of the Charlie Gibbs Fracture Zone, through which the LSW enters the eastern basin of the North Atlantic (Rhein et al. 2002) . The NEADW (2,300-3,000 m), characterized by a salinity maximum (.34.92) , is formed in the eastern basin south of the Charlie Gibbs Fracture Zone (Aken 2000a,b) . The influence of the outflow of water from the Mediterranean Sea increases the NEADW salinity signal at the southern end of the transect (.34.95) (Aken 2000a,b) . The NADW (2,400-2,800 m) of the western basin (Smethie et al. 2000) was identifiable by its salinity maximum (34.9-34.95) south of 60uN. The DSOW underlying the NADW, with a seawater temperature between 0.8 and 2.4uC and salinity ,34.9 (Table 1) , was detected at all the stations between 45uN and 65uN. A local oxygen minimum (,250 mmol L 21 ) was found between 200 m and 600 m depth in the southern part of the western basin (from 40uN to ,50uN) (Fig. 2 ). In the eastern basin, the oxygen minimum (O 2 -min) zone was found throughout the transect and was located at greater depths than in the western basin. The maximum oxygen concentration in the O 2 -min was lower in the eastern than in the western basin (Table 1) .
As ISOW/NEADW flows southwards in the eastern basin, the salinity and oxygen concentrations decrease, and the concentrations of dissolved inorganic nutrients (Fig. 3 ) increase, partially due to mixing with over-and underlying water masses and partly due to remineralization processes (Hansell 2002) .
Temperature, salinity, and inorganic nutrient concentrations (nitrate, phosphate, and silicate) were significantly higher in the eastern than in the western basin (Table 1; Mann-Whitney test, p , 0.02, n 5 140), whereas ammonia, nitrite, and oxygen concentrations were significantly lower in the eastern than in the western basin (Table 1 ; MannWhitney test, p , 0.001, n 5 140).
Prokaryotic abundance and activity-Prokaryotic abundance decreased exponentially with depth (Reinthaler et al. in press); however, the different deep water masses exhibited pronounced differences in prokaryotic abundance, and latitudinal trends were apparent (Fig. 4) . The SSL in the western basin generally exhibited a higher prokaryotic abundance than in the eastern basin. This was probably also due to the greater mean sampling depth in the eastern basin (138 m) than in the western basin (100 m). The ISOW and DSOW originating north of 60uN harbored a higher prokaryotic abundance than the subsequently formed NEADW and NADW. In the northeastern basin, the ISOW is in direct contact with the seafloor. Thus, it carries relatively high concentrations of resuspended sediment and prokaryotes (Reinthaler et al. in press) . Consequently, prokaryotic abundance in the ISOW was higher than in the overlying LSW (Fig. 4) .
Despite the higher prokaryotic abundance in the SSL of the western than the eastern basin, the mean prokaryotic abundance in the deep water masses was higher in the eastern than in the western basin (t-test, p , 0.001, n 5 137).
Leucine incorporation, as a measure of prokaryotic activity, followed a similar pattern as that of abundance, decreasing with depth by one order of magnitude (Table 2 ; Fig. 4 ). However, prokaryotic activity was significantly higher in the western than in the eastern basin (t-test, p , 0.01, n 5 136; Fig. 5 ). As for abundance, prokaryotic activity in the ISOW was higher than in the overlying LSW. In the LSW, prokaryotic activity in the western basin was approximately twice as high as in the eastern basin (Table 2 ; Fig. 5 ). Also in the O 2 -min layer and the NADW of the western basin, prokaryotic activity was higher than in the corresponding water masses of the eastern basin ( Table 2) .
The D : L-Asp uptake ratio of prokaryotes increased with depth in both the eastern and western basin (Table 2 ; Fig. 4 ). As for prokaryotic abundance and leucine incorporation, the D : L-Asp uptake ratio appeared to be more related, however, to the different water masses rather than to depth (Fig. 5) . In the eastern basin, the D : L-Asp uptake ratio increased from the SSL to the LSW (Table 2 ; Fig. 5 ) but decreased again in the ISOW, close to the bottom. As ISOW flowed southwards and formed the NEADW by mixing with LSW and Lower Deep Water, the D : L-Asp uptake ratio increased again in the NEADW. The highest D : L-Asp uptake ratios (.2) were measured in the LSW and NEADW close to the Charlie Gibbs Fracture Zone (Fig. 4) . In the western basin, the D : L-Asp uptake ratio increased with depth from the SSL to the NADW, but decreased again in the DSOW underlying the NADW (Fig. 5) . No significant differences were found in the mean D : L-Asp uptake ratios between the eastern and western basin (t-test, p 5 0.138, n 5 124).
A negative log-log linear relationship was found between D : L-Asp uptake ratios and leucine incorporation for both the eastern and western basin (Fig. 6 ). As indicated in Figure 6 , leucine uptake rates can explain only 10% and 30% of the observed variability in the D : L-Asp uptake ratios in the eastern and western basin, respectively. The slope of the regression for the western basin was significantly different from that for the eastern basin (ANCOVA F test, p , 0.0001). The relatively high D : LAsp uptake ratios obtained in the SSL of the eastern basin (0.23 versus 0.09 in the western basin; Table 2 ; Fig. 5 ) were likely responsible for the differences in the slope of the regression, probably reflecting the greater sampling depth of the SSL in the eastern (135 m) compared to the western basin (100 m).
Prokaryotic community composition-Bacterial, cren-, and euryarchaeotal abundance was determined by CARD-FISH with HRP-oligonucleotide probes. For each sample, counts obtained with each of the specific probes were related to the abundance of DAPI-stainable cells referred to as picoplankton. The number of DAPI-stained cells before and after CARD-FISH processing was not significantly different (Teira et al. 2004) , indicating that loss of cells during CARD-FISH processing was negligible. Prokaryotic abundance determined by flow cytometry was significantly higher than picoplankton abundance obtained by epifluorescence microscopy of DAPI-stained cells (t-test, p 5 0.008, n 5 112). However, there was a highly significant log-log linear relationship between the prokaryotic abundance determined by flow cytometry (FC) and picoplankton abundance determined by DAPI staining (log DAPI 5 0.86 3 log FC 2 0.226, r 2 5 0.80, p , 0.001, n 5 112). The difference between both estimates was ,14%. The mean contributions of Bacteria, Cren-, and Euryarchaeota to total picoplankton abundance for the different water masses are given in Table 2 . Bacteria contributed to total picoplankton abundance between 24% and 33%, and there was no significant difference between the eastern and western basin nor between water masses ( Table 2) .
The relative abundance of Crenarchaeota ranged from 9% in the NEADW to 27% in the NADW (Table 2) . Overall, Crenarchaeota contributed significantly more (ttest, p , 0.001, n 5 114) to the total picoplankton community in the western (17-27%) than in the eastern (9-23%) basin, and were most abundant in the oxygen minimum layer and in the NADW (Table 2) .
The relative abundance of Euryarchaeota was also significantly higher (t-test, p , 0.01, n 5 113) in the western (16-18%) than in the eastern (7-11%) basin (Table 2 ). The percentage of picoplankton identified as Euryarchaeota was lowest in the ISOW (mean 7%), which is in striking contrast to the relatively high euryarchaeotal contribution of 24% detected in the DSOW (Table 2) .
Total CARD-FISH detectable cells, representing the sum of the relative abundance of Bacteria, Cren-, and Euryarchaeota averaged 71 6 2% (n 5 72) and 57 6 2% (n 5 39) of total DAPI-stainable cells in the western and eastern North Atlantic basins, respectively.
Environmental factors and prokaryotic community structure and function-The contribution of Cren-and Euryarchaeota to the prokaryotic community was closely related to the water masses sampled. The contribution of Bacteria to the prokaryotic community showed little variability (in .70% of the samples, the contribution ranged between 25% and 40%), and no significant differences were found between water masses.
We analyzed the relation between the contribution of these three prokaryotic groups and the main environmental variables, such as temperature, salinity, oxygen, and dissolved inorganic nutrient concentrations in the mesoand bathypelagic waters of the North Atlantic (Table 3) . Overall, the relative abundance of Crenarchaeota was negatively correlated to salinity and nitrate concentration and positively correlated to nitrite and oxygen. Euryarchaeota were positively correlated to oxygen concentration and negatively correlated to temperature, salinity, nitrate, and phosphate concentrations. Despite the significance of these correlations, each of the environmental factors could explain only between 5% and 17% of the observed variability in the distribution of Cren-and Euryarchaeota.
Bacterial contribution to total picoplankton abundance, however, did not show any correlation to any of the physical-chemical variables (Table 3 ). This lack of correlation is not surprising, since Bacteria represent a much more diverse group than Eury-and Crenarchaeota.
The corresponding relation between the contributions of the three prokaryotic groups and the main microbiological variables is shown in Table 4 . Euryarchaeota were positively correlated to leucine incorporation, and, interestingly, only Crenarchaeota exhibited a positive correlation with D-Asp uptake.
While in the western basin, Archaea, i.e., the sum of Cren-and Euryarchaeota, clearly dominated the prokaryotic community, in the eastern basin, Archaea and Bacteria contributed roughly equally to the picoplankton community ( Table 2 ). The D : L-Asp uptake ratio appeared to be more tightly linked to the relative abundance of Archaea, and particularly to Crenarchaeota, than to leucine incorporation (compare Figs. 6 and 7) . The higher the contribution of Crenarchaeota to the picoplankton abundance, the higher the D : L-Asp uptake ratio, with the remarkable exception of the NEADW (Fig. 7) .
Discussion
The NADW is formed by several water masses originating in both the eastern and western basins of the North Atlantic. Despite the importance of deep water circulation for the meridional ocean circulation and the global climate, our knowledge of microbiological processes in these cold, deep water masses is still in its infancy. From the data presented here, it is evident that the different deep water masses maintain specific microbiological properties during their lateral flow in the oceanic conveyor belt.
Prokaryotic distribution in distinct water masses of the North Atlantic-Despite the rather homogeneous environmental conditions predominating in the dark and cold deep ocean, we observed remarkable differences between the prokaryotic community structure in the eastern and western North Atlantic basins ( Table 2) .
The mean relative contribution of Bacteria to total picoplankton community did not significantly differ between the eastern and western basin of the North Atlantic and did not show any clear trend with depth nor with latitude (Table 2) .
The percentage of DAPI-stained cells identified as Bacteria in the deep waters of the North Atlantic was considerably lower than in previous studies (Karner et al. 2001; Church et al. 2003) . The mean values for the different water masses ranged from 24% to 33% (Table 2) , whereas percentages between 30% and 70% were found for the same depth range in the Pacific (Karner et al. 2001 ) and the * See the ''sampling area'' section for water mass abbreviations; n 1 , number of samples for prokaryotic community composition; n 2 , number of samples for uptake rate measurements.
Southern Ocean (Church et al. 2003) . The main difference between these studies and ours is the use of polynucleotide probes in the previous studies, whereas we used the oligonucleotide probe Eub338 (Teira et al. 2004 ) to detect and enumerate Bacteria. It has been shown that the use of this single probe is insufficient to detect all Bacteria because it does not target members of Verrucomicrobia and Planctomycetales (Daims et al. 1999) . These authors designed two probes complementary to Eub338: Eub338-II and Eub338-III. To assess the potential bias introduced by using only the Eub338 probe, we compared the percentage of DAPI-stained cells labeled with the single Eub338 with that using a mix of Eub338/Eub338-II/ Eub338-III in a total of 20 samples (4 stations 3 5 depths) in the North Atlantic. The percentage of Bacteria was significantly higher when using the mix of Eub338 probes (t-test, p , 0.001, n 5 20), and mean contributions of Bacteria to total DAPI-stained cells ranged between 30% and 50%. The differences were highest at 100-and 3500-m depth. Overall, we might have underestimated the actual contribution of Bacteria to total prokaryotic abundance by, on average, 11 6 1% (data not shown). In contrast to Bacteria, both Crenarchaeota and Euryarchaeota contributed significantly more to the total picoplankton abundance in the western than the eastern basin (Table 2 ). These basin-scale differences in the distribution pattern of Archaea might be related to deep water mass formation processes. The most pronounced difference in euryarchaeotal contribution to total picoplankton was observed between the two coldest sources of the NADW, the ISOW and the DSOW. Whereas the relative contribution of Bacteria and Crenarchaeota was similar (Table 2) in both water masses, the contribution of Euryarchaeota was more than two times higher in the DSOW (17% of DAPI-stained cells) than in the ISOW (7% of DAPI-stained cells). Both water masses originate in the Nordic and Polar Seas and subsequently flow over the Greenland-Iceland-Faroe-Scotland Ridge (McCartney et al. 1998) . Despite their common origin, during the formation of ISOW, warmer overlying water is entrained into the turbulent bottom current near the Iceland-Faroe Ridge. By mixing with this warmer water, the temperature of the ISOW rises from ,0uC to ,2uC. This warmer overlying water was detected north of 60uN in the eastern transect (Fig. 2) where the water temperature was .5uC down to ,1,400 m. This warmer water mass was characterized by very low euryarchaeotal abundance (,5% of DAPI-stained cells; data not shown). The increase in abundance of Euryarchaeota in the NEADW in the eastern basin further south might be related to the entrainment of LSW from the western basin through the Charlie Gibbs Fracture Zone. After the LSW passes the Charlie Gibbs Fracture Zone, it then flows south and north, mixing with adjacent water masses. Euryarchaeotal contribution to picoplankton in the LSW of the western basin is .16% of DAPI-stained cells, while it is 9% of DAPI-stained cells in the eastern basin ( Table 2 ). The negative correlation of euryarchaeotal abundance with temperature and salinity and the corresponding positive correlation with oxygen concentration (Table 3 ) further suggest that Euryarchaeota thrive better in colder and recently ventilated waters of the Table 4 . Spearman rank correlation of the relative abundance (% of DAPI-stained cells) of Bacteria (Bact), Crenarchaeota (Cren), and Euryarchaeota (Eury) with uptake rates of leucine (Leu), D-and L-aspartic acid (Asp), and the D : L-Asp uptake ratio in the deep waters of the North Atlantic. Table 2 ).
North Atlantic, such as the LSW, than in older water masses.
The generally higher contribution of Euryarchaeota to the total prokaryotic community reported here than in previous studies (Karner et al. 2001; Church et al. 2003) might be partially also due to the improved permeabilization procedure of the archaeal cell wall that we applied (see Teira et al. 2004 Teira et al. , 2006 Herndl et al. 2005) . We used exactly the same procedure for processing all the samples; thus, the observed differences in euryarchaeotal abundance appear to reflect differences in the biogeographic distribution of Euryarchaeota in the deep water masses of the North Atlantic. Moreover, cloning and sequencing of selected samples have revealed prokaryotes specific for distinct water masses (Arrieta et al. pers. comm.) .
The relative abundance of Crenarchaeota was also significantly higher in the western basin, increasing from the SSL toward the deeper water masses ( Table 2 ). The relative abundance of Crenarchaeota was also positively correlated with oxygen concentration and was correlated inversely with salinity (Table 3) , the latter reflecting the increasing contribution of Crenarchaeota to total picoplankton with depth (Table 2) . Overall, the contribution of Crenarchaeota to the total prokaryotic community was similar to that previously found in the Pacific (Karner et al. 2001 ) but higher than in the Antarctic Circumpolar Deep Waters (Church et al. 2003; Herndl et al. 2005) , which are a mixture of cold oxygen-poor waters from all the main oceans.
Linking prokaryotic community structure and functionThe notion of the ubiquitous occurrence of Archaea in the marine pelagic environment is relatively recent (DeLong et al. 1994) , and only one single strain of a nonthermophilic marine archaeon has been isolated thus far (Kö nneke et al. 2005) . Thus, the factors controlling the distribution of the two major archaeal groups, Crenarchaeota and Euryarchaeota, in the oxygenated pelagic realm of the global ocean remain largely enigmatic. Very recently, Crenarchaeota, including the only isolated nonthermophilic archaeon (Nitrosopumilus maritimus gen. et sp. nov.; Kö nneke et al. 2005) was found to be an ammonia oxidizer, as revealed by the presence of the amoA gene (Hallam et al. 2006) .
Relating the distribution of specific prokaryotic groups to physical and chemical variables in conjunction with concurrently performed bulk prokaryotic activity measurements (utilization of different substrates, respiration, growth efficiency, growth rate, etc.) can provide valuable clues about the potential role of a specific group in distinct water masses. An important issue to be considered is the fact that all our activity measurements were made under surface-pressure conditions. Decompression of the samples retrieved from greater depth prior to incubation might stimulate or inhibit prokaryotic activity. There is experimental support for both possibilities (Jannasch and Wirsen 1982; Tamburini et al. 2003) . Herndl et al. (2005) suggested the possibility of differential sensitivity to pressure changes between Archaea and Bacteria due to the differences in the membrane composition between both groups.
In the present study, we determined the prokaryotic community composition and activity (leucine incorporation and D : L-Asp uptake ratio) in relation to physical and chemical characteristics of the major water masses in order to link the thermohaline ocean circulation to the dynamics in the transformation processes of DOM by the prokaryotic community. Hansell and Carlson (1998) and Hansell (2002) showed that the deep water DOC concentrations in the North Atlantic decline from the Greenland Sea (<48 mmol L 21 ) to 40uN (<44 mmol L 21 ) in the deep Pacific as a consequence of remineralization and mixing as deep ocean circulation progresses. These authors raised the question on the nature of marine prokaryotes catabolizing recalcitrant DOC at such low rates.
Different water masses were sampled in the western and eastern basin. The variability in prokaryotic distribution and activity did not follow a simple depth-or latituderelated trend (Fig. 4) as previously reported (Dufour and Torréton 1996; Nagata et al. 2000) but was more closely related to the different water masses. Thus, we suggest that the distribution of prokaryotes in the deep ocean is not exclusively controlled by the vertical POM (particulate organic matter) flux. Similarly, Hansell and Ducklow (2003) found that POC (particulate organic carbon) export alone does not explain the large variability in bacterial production observed in the mesopelagic realm of several oceanic regions.
As the NADW flows southward and ages, the oxygen concentration decreases, and the inorganic nutrient concentrations increase due to remineralization activity (Figs. 2, 3 ). This water mass aging of the NADW was more apparent in the eastern than in the western basin. Accordingly, the biological variables showed more latituderelated trends in the NADW in the eastern North Atlantic basin than in the western North Atlantic basin. The prokaryotic activity, the proportion of active cells (estimated as the proportion of prokaryotic cells with enough ribosomes to be detectable by CARD-FISH; see Herndl et al. 2005) , and the relative abundance of Archaea were significantly lower in the eastern than the western basin ( Fig. 4; Table 2 ). Prokaryotic turnover rate was significantly lower in the eastern basin as well (Reinthaler et al. in press) . Therefore, water mass aging appears to be accompanied by structural and functional changes in the prokaryotic community, likely reflecting changes in DOM quality and quantity. Particularly, LSW sampled in the eastern basin showed lower oxygen concentrations (Table 1) than LSW in the western basin, indicating that LSW in the eastern basin is older than in the western basin. Significantly lower prokaryotic activity was measured in this older LSW of the eastern basin, coinciding with a lower euryarchaeotal contribution to picoplankton abundance. Similarly, NEADW, which is older than NADW in the western basin (Moore 2004) , showed lower prokaryotic activity (Table 2 ) and lower relative abundance of Archaea.
The increase in the bulk D : L-Asp uptake ratio with depth has been suggested to be related to a decrease in the supply of L-amino acids with depth (Pérez et al. 2003) due to the preferential uptake of L-amino acids over D-amino acids (Jørgensen et al. 2003) . Thus, one would expect an increase in the D : L-Asp uptake ratio as water masses age. The increasing trend in the D : L-Asp uptake ratio with the age of the water masses is clearly detectable in both the western and the eastern basins. The relatively young source waters of the NADW, the ISOW, DSOW, and the LSW all exhibit significantly lower D : L-Asp uptake ratios than the NADW in both basins (Table 2) . When grouping data according to the different water masses, the mean D : L-Asp uptake ratio was positively correlated with relative crenarchaeotal abundance (Fig. 7) but not with leucine incorporation (data not shown). The relative abundance of Crenarchaeota explained about 70% of the observed variability in the D : L-Asp uptake ratio. Additional experiments in the western basin using microautoradiography with D-and L-Asp and CARD-FISH showed that Crenarchaeota were able to utilize D-Asp as efficiently as LAsp, whereas Bacteria preferentially used L-Asp (Teira et al. 2006) . The results presented here further support the notion of differential utilization of enantiomeric amino acids by the major prokaryotic groups. The slightly lower D : L-Asp uptake ratios in the eastern as compared to the western basin (Table 2 ) might be due to the lower crenarchaeotal abundance in the water masses of the eastern basin, and, moreover, might reflect subtle differences in the DOM pool of the respective deep water masses in the eastern and western basin. Since less than 20% of the deep water DOM is characterizable on a molecular level, it is impossible to detect such subtle differences in the composition of the DOM (Lee 2004) .
Crenarchaeotal and euryarchaeotal abundance was only weakly related to physical and chemical variables (Table 3) . Only Crenarchaeota exhibited a positive correlation with nitrite concentrations, suggesting a possible involvement of at least some members of this prokaryotic group in nitrogen cycling, possibly as ammonia oxidizers. Several studies have already proposed a connection between planktonic Archaea and the marine nitrogen cycle as denitrifiers or nitrifiers (Murray et al. 1999; Sinninghe Damsté et al. 2002; Wells and Deming 2003) . Recently, Kö nneke et al. (2005) isolated an ammonia oxidizing member of the Crenarchaeota from a tropical aquarium. Given that higher ammonia and nitrite oxidation rates are expected to occur in the oxygen minimum layer (Ward 2000) , we additionally conducted a correlation analysis of the relative abundance of Bacteria, Cren-, and Euryarchaeota with ammonia, nitrite, and nitrate concentrations and leucine incorporation, D-and L-Asp uptake, and D : L-Asp uptake ratio in the oxygen minimum layer (Table 5 ). The abundance of Crenarchaeota was related to nitrite concentrations, explaining 36% of the variability of crenarchaeotal abundance in this water mass. Moreover, only Crenarchaeota were positively related to D-Asp and leucine incorporation, further indicating the potential importance of Crenarchaeota in the nitrogen cycling in the oxygen minimum layer. A previous study reported highest concentrations of crenarchaeol, a Crenarchaeota-specific membrane lipid near the top of the oxygen minimum zone in the Arabian Sea (Sinninghe Damsté et al. 2002) . The potential importance of marine Crenarchaeota in the global carbon and nitrogen cycles has also been suggested by Kö nneke et al. (2005) and Hallam et al. (2006) . In summary, we have shown that the distribution of the major prokaryotic groups is closely linked to the major water masses of the thermohaline circulation system. Bacteria contribute, on average, around 30% to the total picoplankton abundance in the different water masses of the North Atlantic. Euryarchaeota are most abundant in cold, recently formed, deep water masses with low salinity (,34.9) and high oxygen concentration (such as LSW and DSOW); however, they are otherwise relatively uniformly distributed throughout the North Atlantic water column. Crenarchaeota exhibit their highest abundance in the O 2 minimum layer and correlate with nitrite concentrations, suggesting that members of the Crenarchaeota are involved in nitrification processes in the O 2 minimum layer. Table 5 . Spearman rank correlation for the oxygen minimum layer of the relative abundance (% of DAPI-stained cells) of Bacteria (Bact), Crenarchaeota (Cren), and Euryarchaeota (Eury) with ammonia, nitrite, nitrate, leucine uptake (Leu), D-and L-aspartic acid (Asp) uptake, and D : L-Asp uptake ratio (D : L-Asp). 
